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(54) Magnetic resonance apparatus 

(57) A multi-channel balun (70, 72) blocks stray RF 
current from flowing on shield conductors of coaxial RF 
cables of a magnetic resonance apparatus. The balun 
comprises a parallel combination of an even number of 
helical coils of shielded transmission cable (L10, L12; 
L14, L16, L18, L20) wound in alternate directions such 
that voltages induced by their external RF fields cancel. 
One capacitor (C10; C16, C18) is connected in parallel 
symmetrically with each pair of helical coils, with trim 
capacitors (C12; C22) fixed in the coil plug (86, 90) to 
retune the balun as required. The multi-channel balun 
(70, 72) accommodates magnetic resonance systems 
with an odd or even number of channels without requir- 
ing shielding. Preferably, the balun (70, 72) is con- 
structed on a single circuit board in a close-packed 
relationship that is compact and space efficient, yet pro- 
vides better decoupling from the transmit field. 
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Description 

[0001] The present invention relates to magnetic 
resonance systems and will be described with particular 
reference thereto. It is to be appreciated that the inven- s 
tion will find application in magnetic resonance imaging 
systems, magnetic resonance spectroscopy systems, 
and all other types of magnetic resonance systems. 
[0002] In magnetic resonance imaging, a strong 
uniform static magnetic field B 0 is generated, often by a 10 
superconducting magnet. The static magnetic field B 0 
polarizes the nuclear magnetic spin system of an object 
to be imaged. Superconducting magnets are commonly 
wound on a cylindrical body former mounted in an annu- 
lar helium vessel surrounded by an annular vacuum 15 
vessel for thermal isolation. The superconducting mag- 
net generates the static magnetic field, B 0 , along its own 
longitudinal axis and the common longitudinal axis of 
the cylindrical bore of the vacuum vessel, commonly 
denoted as the z-axis. Alternately, the B 0 field is gener- 20 
ated in an open region between a pair of poles. Often, a 
ferrous flux return path is provided between the poles 
remote from the open imaging region. 
[0003] To generate a magnetic resonance signal, 
the polarized spin system is first excited by applying a 25 
magnetic resonance excitation signal or radio frequency 
field B 1( perpendicular to the z-axis. This RF field B^ is 
typically produced by an RF coil located inside the bore 
of a bore-type magnet or adjacent the pole of an open 
magnet and closely conforming thereto to maximize the 30 
space available to receive a patient. The RF magnetic 
field is turned on and off to create short RF pulses to 
excite and manipulate magnetization in the polarized 
object in the bore. More specifically, the RF excitation 
pulses tip the magnetization out of alignment with the z- 35 
axis and cause its macroscopic magnetic moment vec- 
tor to precess around the z-axis. The precessing mag- 
netic moment, in turn, generates a radio frequency 
magnetic resonance signal that is received by the RF 
coil in a reception mode. Additional RF pulses are com- 40 
monly applied to manipulate the resonance to form 
enhanced signal strength RF echoes which are 
received by the same RF coil or a local RF coil posi- 
tioned near a region of interest. 

[0004] In magnetic resonance imaging, it is advan- 45 
tageous for the RF coil to have high sensitivity, high RF 
power efficiency, and a high signal-to-noise ratio. Also, 
the magnetic field which is generated should be uni- 
form. The sensitivity of the RF coil is defined as the 
magnetic field B-, created by a unit current. The signal- so 
to-noise ratio is proportional to the sensitivity and to the 
square root of the coil quality factor, Q. 
[0005] To encode a sample spatially, magnetic field 
gradients are applied after the RF excitation. The gradi- 
ent magnetic fields are typically applied in pulses to ss 
generate magnetic field gradients G x , Gy and G 2 linearly 
along the x, y, and z-directions, respectively, or other 
selected coordinate system. The gradient pulses typi- 



cally are generated by gradient magnetic field coils 
which are also located inside the bore of a bore-type 
magnet or adjacent the poles of an open-type magnet. 
Commonly, the gradient field coils are mounted in back 
of the RF coil in the bore or on the pole piece. 

[0006] A radio frequency coil is also used to receive 
magnetic resonance signals emanating from a patients 
body. These receive coils may be local coils, such as for 
receiving RF signals from a patient's head or the larger 
whole body RF coils located in the bore or on the pole 
pieces. The local coils can also be used in a transmit 
mode. The receive coils are typically operable in a 
quadrature mode. Some local coils include an array or 
other plurality of RF coils. The signals are then demod- 
ulated by a receiver, preferably a digital receiver. 
[0007] A sequence control circuit controls the gradi- 
ent pulses and the transmitter to generate a plurality of 
imaging sequences. For the selected sequence, the 
receive coil receives one or a plurality of data lines in 
rapid succession following each RF excitation pulse. 
Gradient pulses are typically applied before and during 
reception of resonance echoes and between echoes in 
multi-echo sequences. An analog-to-digital converter 
converts each data line to a digital format. Ultimately, 
the radio frequency signals are demodulated and recon- 
structed into an image representation by a reconstruc- 
tion processor which applies a two-dimensional Fourier 
transform or other appropriate reconstruction algorithm. 
The image may represent a planar slice through the 
patient, an array of parallel planar slices, a three-dimen- 
sional volume, or the like. 

[0008] Radio frequency coils in magnetic reso- 
nance systems are generally connected to the magnetic 
resonance system, and more particularly to the RF 
transmitter and/or the RF receiver of the magnetic reso- 
nance system using coaxial cable. Coaxial cable pro- 
tects the system from picking-up extraneous RF signals 
which are present in the environment. As is well known, 
coaxial cable features a surrounding shield or ground 
conductor separated from a current carrying central 
conductor by a dielectric material. The surrounding con- 
ductor acts as a shield that minimizes the pick-up of for- 
eign frequencies by the cable. 

[0009] Although coaxial cable is used, there are still 
coupling problems at resonance frequencies, such as 
64 MHZ for hydrogen dipoles in a 1 .5 T B 0 field. Among 
other things, the shield conductor of the coaxial cable 
itself tends to carry foreign induced currents, such as 
from TV transmissions, stray harmonics from the gradi- 
ent pulse oscillators and clocking circuits in nearby 
equipment, and the like. The induced current is often 
referred to as "skin current" because it flows on the out- 
side of the shield conductor. The stray RF current tends 
to flow out of the bore and into other circuits, such as the 
amplifiers, analog-to-digital converters, receiver, and 
reconstruction processor to contribute errors in the 
resultant image. 

[0010] Balance/unbalance ("Balun") circuitry is 
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used as one means for reducing the noise and/or stray 
RF currents generated due to induced currents in the 
coaxial cable. Baluns of the prior art consisted of a 
cable or tube (often on the order of 1.0 m) that fed into 
and out of a copper shielded box. The balun was tuned 
to the frequency of interest, such as by a tuning capaci- 
tor. The baluns of the prior art are problematic for a 
number of reasons. First, the baluns are expensive due 
to the use of special non-magnetic tuning capacitors. 
Second, these baluns are inaccessible and sealed 
which prevents tuning for different coil arrangements or 
frequencies. Third, these baluns are space consuming. 
In magnetic resonance scanners, there are severe 
space limitations. In bore type magnets, there is pres- 
sure to reduce the magnet diameter for lower cost com- 
peting with pressure to enlarge the patient receiving 
bore. Similarly, in open magnets, there are competing 
pressures to move pole pieces closer and to enlarge the 
patient gap. This compresses the space available for RF 
coils, gradient coils, shims, baluns, and other associ- 
ated structures. 

[0011] Compounding the aforementioned disadvan- 
tages, magnetic resonance scanners have multiple RF 
output channels, such as a channel for each quadrature 
mode, channels for individual coils of. an array, or the 
like. One or more baluns are incorporated in each chan- 
nel. The multiple connection of parallel baluns reduces 
their effectiveness to block RF current. Also, space con- 
suming problems are magnified when multiple baluns 
are used. Finally, multiple baluns multiply the cost. 
[0012] In accordance with one aspect of the present 
invention, a magnetic resonance apparatus is provided. 
It includes a main magnet which generates a main mag- 
netic field through an examination region. It further 
includes at least one RF coil assembly positioned adja- 
cent the examination region and a radio frequency 
transmitter which drives the RF coil assembly to excite 
magnetic resonance dipoles disposed therein. A multi- 
channel receiver which receives and demodulates mag- 
netic resonance signals is connected to the RF coil 
assembly by shielded transmission cables. A multi- 
channel balun which blocks stray induced RF currents 
and noise from entering the receiver is connected with 
shielded transmission cables. The multi-channel balun 
includes a parallel combination of at least two helical 
coils wound of shielded transmission cable which are 
wound in opposite directions. The balun further includes 
at least one capacitor connected in parallel with the hel- 
ical coils. 

[0013] In accordance with another aspect of the 
present invention, a method for blocking stray RF cur- 
rents from flowing in signal cables carrying RF data of a 
selected frequency spectrum in a magnetic resonance 
apparatus is provided. The method includes winding at 
least two helical coils of shielded transmission cable in 
opposite directions and connecting the helical coils in 
parallel. The parallel combination of helical coils is then 
tuned to the selected RF data frequency spectrum. RF 



data is then passed along inner conductors of the two 
helical coils such that stray RF currents on outer shield 
conductors of the signal cables are blocked. 

[0014] One advantage of the present invention is 
5 that it enables a high Q factor to be maintained. 

[0015] Another advantage of the present invention 
resides in the compactness and space efficiency which 
is possible. 

[0016] Another advantage of the present invention 
10 is that no shielding is necessary with the balun. 

[0017] Another advantage of the present invention 
is that it provides decoupling from the transmit field. 
[0018] Yet another advantage of the present inven- 
tion is that the balun may be tuned easily to compensate 
15 for coil differences. 

[0019] Ways of carrying out the invention will now 
be described in detail, by way of example, with refer- 
ence to the accompanying drawings, in which: 

20 FIGURE 1 is a diagrammatic illustration of a mag- 
netic resonance imaging apparatus employing the 
multi-channel balun in accordance with the present 
invention; 

25 FIGURE 2a is a diagrammatic illustration of a multi- 
channel balun in accordance with the present 
invention; 

FIGURE 2b is a diagrammatic illustration of a four- 
30 channel balun in accordance with the preferred 
embodiment of the present invention; and 

FIGURES 3a and 3b are diagrammatic illustrations 
of alternative winding patterns for a multi-channel 
35 balun in accordance with the present invention. 

[0020] With reference to FIGURE 1, a main mag- 
netic field control 10 controls superconducting or resis- 
tive magnets 12 such that a substantially uniform, 

40 temporally constant main magnetic field is created 
along a z-axis through an examination region 14. 
Although a bore-type magnet is illustrated in FIGURE 1, 
it is to be appreciated that the present invention is 
equally applicable to open magnet systems. A magnetic 

45 resonance sequence control applies a series of radio 
frequency (RF) and magnetic field gradient pulses to 
invert or excite magnetic spins, induce magnetic reso- 
nance, refocus magnetic resonance, manipulate mag- 
netic resonance, spatially and otherwise encode the 

so magnetic resonance, to saturate spins, and the like to 
generate magnetic resonance imaging and spectros- 
copy sequences. More specifically, gradient pulse 
amplifiers 20 apply current pulses to selected ones or 
pairs of whole body gradient coils 22 to create magnetic 

55 field gradients along x, y and z-axes of the examination 
region 14. A digital radio frequency transmitter 24 trans- 
mits radio frequency pulses or pulse packets to a whole- 
body quadrature RF coil 26 to transmit RF pulses into 
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the examination region. A typical radio frequency pulse 
is composed of a packet of immediately contiguous 
pulse segments of short duration which taken together 
with each other and any applied gradients achieve a 
selected magnetic resonance manipulation. The RF 
pulses are used to saturate, excite resonance, invert 
magnetization, refocus resonance, or manipulate reso- 
nance in selected portions of the examination region. 

[0021] For whole-body applications, the resonance 
signals are commonly picked up in quadrature by the 
whole body RF coil 26. 

[0022] For generating images of limited regions of 
the subject, local coils are commonly placed contiguous 
to the selected region. For example, an insertable head 
coil 30 is inserted surrounding a selected brain region at 
the isocentre of the bore. The insertable head coil pref- 
erably includes local gradient coils 32 which receive cur- 
rent pulses from the gradient amplifiers 20 to create 
magnetic field gradients along x, y, and z-axes in the 
examination region within the head coil. A local quadra- 
ture radio frequency coil 34 is used to excite magnetic 
resonance and receive magnetic resonance signals 
emanating from the patient's head. Alternatively, a 
receive-only local radio frequency coil can be used for 
quadrature reception of resonance signals introduced 
by body-coil RF transmissions. An RF screen 36 
screens the RF signals from the RF head coil from 
inducing any currents in the gradient coils and the sur- 
rounding structures. The resultant radio frequency sig- 
nals are picked up in quadrature by the whole body RF 
coil 26, the local RF coil 34, or other specialized RF 
coils and demodulated by a receiver 38, preferably a 
digital receiver. 

[0023] A sequence control processor 40 controls 
the gradient pulse amplifiers 20 and the transmitter 24 
to generate any of a plurality of magnetic resonance 
imaging and spectroscopy sequences, such as echo- 
planar imaging, echo-volume imaging, gradient and 
spin echo imaging, fast spin echo imaging, and the like. 
For the selected sequence, the receiver 38 receives a 
plurality of data lines in rapid succession following each 
RF excitation pulse. An analog-to-digital converter 42 
converts each data line to a digital format. The analog- 
to-digital converter 42 is disposed between the radio 
frequency receiving coil and the receiver 38 for digital 
receivers and is disposed downstream (as illustrated) 
from the receiver for analog receivers. Ultimately, the 
radio frequency signals received are demodulated and 
reconstructed into an image representation by a recon- 
struction processor 50 which applies a two-dimensional 
Fourier transform or other appropriate reconstruction 
algorithm. The image may represent a planar slice 
through the patient, an array of parallel planar slices, a 
three-dimensional volume, or the like. The image is then 
stored in an image memory 52 where it may be 
accessed by a display, such as a video monitor 54 
which provides a human-readable display of the result- 
ant image. 



[0024] With continuing reference to FIGURE 1, the 
radio frequency coils 26, 34 in the magnetic resonance 
imaging system are connected to the RF transmitter 24 
and/or the RF receiver 38 by RF lines or cables 60. Pref- 
5 erably, the RF lines 60 are coaxial cable. Such coaxial 
cable protects the system from picking up extraneous 
RF signals and noise which are present in the environ- 
ment. 

[0025] Typically, coaxial cable features a braided, 
10 tubular conductor which is separated from a current- 
carrying central conductor by a dielectric material. The 
tubular outer conductor is grounded to act as a shield 
that minimizes the pick-up of foreign frequencies by the 
central conductor. 
is [0026] Although coaxial cable is used, there are stilt 
coupling problems at high frequencies associated with 
magnetic resonance imaging and spectroscopy. Among 
other things, the braiding of the coaxial cable itself tends 
to carry foreign induced currents or "skin currents." 
20 [0027] The stray RF current tends to flow along the 
cable out of the bore and into other circuits in the mag- 
netic resonance apparatus. 

[0028] A multi-channel balun 70 is incorporated into 
each RF line 60 around the point that it leaves the RF 

25 magnetic field to keep stray RF from flowing out of the 
bore. The multi-channel balun 70 blocks stray RF cur- 
rents in each of the RF lines 60. As illustrated in FIG- 
URE 1 , the multi-channel balun 70 is incorporated into 
each RF line 60 at a point near where the line leaves the 

30 RF magnetic field between the RF coil assembly 26 and 
the receiver 38. Optionally, additional baluns are incor- 
porated at the RF coil assembly 26, 34, just outside the 
bore of the magnetic resonance imaging apparatus, just 
before the receiver 38 and at intervals between the bore 

35 and the receiver 38. Preferably, only one multi-channel 
balun 70 is incorporated into the RF lines 60 adjacent 
the edge of the RF magnetic field. Incorporating multi- 
ple multi-channel baluns between the RF coil assembly 
and the receiver 38 filters stray RF currents as they are 

40 received without letting them accumulate and interact. 
[0029] With reference to FIGURE 2a and continuing 
reference to FIGURE 1, a two-channel balun 72 
includes two helical coils wound of shielded transmis- 
sion cable, L10, L12 which are connected in parallel. 

45 The helical coils are wound in opposite directions with 
the same number of windings, e.g. with the first helical 
coil L10 being wound right-handed and the second hel- 
ical coil L12 being wound left-handed. Preferably, the 
helical coils L10, L12 are solenoidal inductors which are 

so wound out of semi-rigid coaxial cable. Alternately, the 
helical coils may be wound of triaxial cable or twinaxial 
cable. Winding the helical coils L10, L12 in opposite 
directions and placing them next to one another in a 
parallel connection causes the induced voltages from 

55 the external RF fields to cancel each other, provided 
that the helical coils L10, L12 are the same or similar 
size and geometry. This benefit alleviates the need for 
copper foil shielding. In this manner, a higher Q is main- 
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tained. 

[0030] For the 2-channel balun 72, a capacitor C10 
is connected in parallel with the combination of the first 
and second helical coils L10, L12. The capacitor C10 is 
used to tune the parallel network of inductors L10, L12 
to the working frequency of the system. Preferably, the 
tuning capacitor C10 is positioned symmetrically 
between the two coax inductors L10, L12 because the 
external RF field cancels in the centre of the two coax 
inductors L10, L12. In addition to the aforementioned 
tuning capacitor C10, a fine tuning capacitor C12 is 
mounted in the multi-channel coil plug 86 as shown in 
FIGURE 2a. Each multi-channel balun 72 contains an 
extra dummy connector 86 which connects to a straight 
wire or straight piece of coaxial cable 88. The fine tuning 
capacitor C12 allows for external tuning of the balun for 
any type of coil that may be used in the system. The trim 
capacitor C12 is a small value, high voltage capacitor 
that is preselected for each coil type. The configuration 
shown in FIGURE 2a has the dual benefit of avoiding 
mode splitting from the inductors coupling to one 
another and avoiding induced voltages in the inductors 
from coupling with the field. 
[0031] This construction enables multiple baluns to 
be constructed on a single circuit board in a close- 
packed relationship. The two-channel balun 72 has 
coaxial cable connectors 74, 76, 78, 80 which provide 
for simple mechanical interfacing with the coaxial cable 
of the RF lines 60. There is one input connector and one 
output connector for each channel of the magnetic res- 
onance imaging apparatus. 

[0032] With reference to FIGURE 2b, the magnetic 
resonance imaging machine illustrated in FIGURE 1 
has four RF input channels. The single balun 70 
includes a parallel combination of four inductors L14, 
L16, L18, L20 wound out of semi-rigid coaxial cable. 
The inductors L14-L20 are wound in alternating direc- 
tions, such that the overall RF field cancels as in the 
two-channel balun 72 of FIGURE 2a. In order to tune 
the four inductors L14, L16, L18, L20 connected in par- 
allel to work as one inductor, a symmetrical arrange- 
ment of tuning capacitors C16, C18 is connected in 
parallel with the inductors L14, L16, L18, L20, along 
with a corresponding trim capacitor C22 mounted on 
the coil plug 90, as shown in FIGURE 2b. Alternatively, 
a single capacitor may be connected in parallel with the 
inductors L14, L16, L18, L20 and placed between the 
inductors L14, L16, L18, L20 similar to the configuration 
in FIGURE 2a, along with a corresponding trim capaci- 
tor. 

[0033] With reference to FIGURES 3a and 3b and 
continuing reference to FIGURE 2b, side views of four- 
channel baluns with alternate winding patterns are 
shown. Both of these patterns are effective for canceling 
the external RF fields of the coils. In FIGURE 3a, the 
four coils L14, L16, L18, L20 are wound with the follow- 
ing pattern: clockwise, counterclockwise, clockwise, 
counterclockwise. In FIGURE 3b, the four coils L14, 



L16, L18, L20 with the following pattern: clockwise, 
counterclockwise, counterclockwise, clockwise. The 
balun 70 can be extended to 6, 8, 2N channels anal- 
ogously. 

5 [0034] In an alternative embodiment, a multi-chan- 
nel balun is constructed for an odd number of channels. 
Two methods may be employed to adapt an even-chan- 
nel balun to a magnetic resonance system with an odd 
number of channels. First, a dummy winding may be 
10 used. In this case, the unused winding is preferably a 
solid conductor, but the same coax cable as the other 
coils is also contemplated. Alternatively, a balun can be 
made for an odd number of channels greater than 2 by 
using windings of different sizes to balance the coupling 
is flux from the external field. 

[0035] In this manner, two or more channels can be 
handled by a balun which is constructed on a single cir- 
cuit board in a close-packed relationship that is nearly 
the size of a prior single balun. In addition, the multi- 
re? channel balun can be used for a large number of chan- 
nels while maintaining a relatively high Q factor. The 
omission of external shielding maintains a relatively 
high Q factor. Further, the multi-channel balun can be 
tuned externally without difficulty. 

25 

Claims 

1 . Magnetic resonance apparatus having a main mag- 
net (12) which generates a main magnetic field 

30 through an examination region (14), at least one RF 
coil assembly (26, 34) positioned adjacent the 
examination region (14), a radio frequency trans- 
mitter (24) which drives the RF coil assembly (26, 
34) to excite magnetic resonance dipoles in a RF 

35 transmit field within the examination region (14), a 
multi-channel receiver (38) connected by shielded 
transmission cables (60) to the at least one RF coil 
assembly (26, 34) which receives and demodulates 
the magnetic resonance signals, a multi-channel 

40 balun (70, 72) connected with the shielded trans- 
mission cables to block stray induced RF currents 
and noise from entering the receiver (38), the multi- 
channel balun (70, 72) comprising: a parallel com- 
bination of at least two helical coils (L10, L12; L14, 

45 L16, L18, L20) wound of shielded transmission 
cable, said helical coils being wound in opposite 
directions; and at least one capacitor (C10, C16, 
C18) connected in parallel with said helical coils. 

so 2. Magnetic resonance apparatus as claimed in claim 
1, wherein the shielded transmission cable is one of 
coaxial cable, triaxial cable, and twinaxial cable. 

3. Magnetic resonance apparatus as claimed in claim 
55 1 or claim 2, wherein said balun (70, 72) is located 

adjacent an edge of the RF transmit field. 

4. Magnetic resonance apparatus as claimed in any 
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one of claims 1 to 3, said multi-channel balun (70, 
72) further comprising: a trim capacitor (C12; C22) 
for retuning the multi-channel balun, said trim 
capacitor (C12; C22) being mounted on a coil plug 
(86, 90). 5 

5. Magnetic resonance apparatus as claimed in any 
one of claims 1 to 4, wherein: said capacitor (C10; 
C16, C18) is located symmetrically between said 
helical coils (L10, L12; L14, L16, L18, L20); and 10 
the helical coils (L10, L12; L14, L16, L18, L20) are 

of similar geometry. 

6. Magnetic resonance apparatus as claimed in any 
one of claims 1 to 5, wherein the RF coil assembly 15 
(26, 34) receives in quadrature and is connected 
with two coaxial cables, one for carrying each quad- 
rature channel; the two helical coils (L10, L12) are 
connected in parallel, each helical coil (L10, L12) 
connected to one of the coaxial cables. 20 

7. Magnetic resonance apparatus as claimed in any 
one of claims 1 to 6, wherein there are an even 
number of helical coils (L10, L12; L14, L16, L18, 
L20), which helical coils positioned next to one 25 
another having alternate winding directions, such 
that voltages induced by their respective RF fields 
cancel. 

8. A method for blocking stray RF currents from flow- 30 
ing in signal cables (60) carrying RF data of a 
selected frequency spectrum in a magnetic reso- 
nance apparatus, said method comprising: winding 

at least two helical coils (L10, L12; L14, L16, L18, 
L20) of shielded transmission cable in opposite 35 
directions and connecting said helical coils in paral- 
lel; tuning the parallel connected helical coils (L10, 
L12; L14, L16, L18, L20) to the selected RF data 
frequency spectrum; and passing RF data along 
inner conductors of the at least two helical coils 40 
(L10, L12; L14, L16, L18, L20) such that stray RF 
currents on outer shield conductors of the signal 
cables (60) are blocked. 

9. A method as claimed in claim 8, wherein the 45 
shielded transmission cable is one of coaxial cable, 
triaxial cable, and twinaxial cable. 

10. A method as claimed in claim 8 or claim 9, wherein 

the tuning step includes: adjusting a capacitance 50 
(C12; C22) in parallel with the helical coils (L10, 
L12; L14, L16, L18, L20), said capacitance (C12; 
C22) connected through a coil plug (86, 90). 
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